A novel high G+C actinobacterium, designated strain OS1-21
The genus Nocardioides was first erected by Prauser (1976) with the description of Nocardioides albus as the type species and encompasses nocardioform actinobacteria that have LLdiaminopimelic acid as the diamino acid in the peptidoglycan and MK-8(H 4 ) as the major menaquinone. At the time of writing, the genus Nocardioides comprises 68 recognized species (http://www.bacterio.net). Among them, two species have been isolated from rhizosphere soil collected from a cliff of Mara Island, Republic of Korea: Nocardioides ultimimeridianus and Nocardioides maradonensis (Lee et al., 2011) . In this study, another Nocardioides strain was isolated from the rhizosphere soil of a cactus collected at a different region from the same island and the classification of this isolate, designated OS1-21 T , is described by a polyphasic approach, based on phenotypic, phylogenetic and DNA-DNA hybridization analyses.
Strain T was isolated from the rhizosphere soil of a cactus (Opuntia fiscus-indica var. sanboten) collected on a cliff of Mara Island, Jeju, Republic of Korea. Soil samples (1 g) were mixed with 10 ml sterile distilled water in a tube rotator for 30 min. Small volumes of serially diluted samples were transferred onto starch-casein agar [1 % (w/v) soluble starch, 0.03 % (w/v) casein, 0.2 % (w/v) KNO 3 , 0.2 % (w/v) NaCl, 0.002 % (w/v) CaCO 3 , 0.005 % (w/v) MgSO 4 . 7H 2 O, 0.001 % (w/v) FeSO 4 . 7H 2 O and 1.8 % (w/v) agar (pH 7.2)] and the agar plates were incubated for 14 days at 30 u C. The isolates were repeatedly subcultured onto International Streptomyces Project (ISP) 2 medium (Shirling & Gottlieb, 1966) and the pure culture was stored in a 20 % (v/v) glycerol solution at 220 u C and 280 u C. For phenotypic comparisons and DNA-DNA hybridization experiments, Nocardioides panacihumi KCTC 19187 T and Nocardioides terrae NBRC 104259 T were grown on ISP 2 medium at 30 u C and used as reference strains.
Growth of strain OS1-21
T was tested on ISP 2 medium, nutrient agar (NA; Difco), R2A agar (Difco) and trypticase soy agar (TSA; Difco). The morphological and cultural characteristics of the organisms were examined using cells grown on ISP 2 medium at 30 uC. Cell morphology was observed using light microscopy (LABOPHOT equipped with phase-contrast optics; Nikon) and cell motility was checked using transmission electron microscopy (JEM 1010; JEOL). Colony pigmentation and morphology was observed on agar plates incubated for 5 days. Catalase and oxidase activities were determined with 3 % (v/v) hydrogen peroxide and N,N,N9,N9-tetramethyl-p-phenylenediamine solutions, respectively (MacFaddin, 1980) . Growth was examined at various temperatures (4, 10, 20, 30, 37, 40, 42 and 45 u C), at pH 4-10 (in intervals of 1 pH unit) and in the presence of 0-9 % (w/v) NaCl (in intervals of 1 %) on ISP 2 medium. The pH of ISP 2 medium was adjusted using several buffers (0.1M final concentration): sodium acetate buffer for pH 4-6, potassium phosphate buffer for pH 7-8, Tris/HCl buffer for pH 9 and glycine/NaOH buffer for pH 10. Growth at different temperatures, pH and NaCl concentrations were recorded after 7-10 days of incubation, with the exception of growth at 4 and 10 u C which was recorded after 2 weeks. Hydrolysis of casein and Gram staining were tested as described previously (MacFaddin, 1980) . Degradation of DL-tyrosine and xanthine was determined using the method of Gordon et al. (1974) . Other physiological and biochemical properties were tested with API 20NE and API ZYM strips (bioMérieux) according to the manufacturer's instructions. The results were recorded after 2 days of incubation at 30 uC (API 20NE) or 4 h at 37 uC (API ZYM).
For chemotaxonomic and genetic analyses, biomass was obtained from cultures grown in shake flasks containing ISP 2 broth and incubated at 30 u C, 170 r.p.m. for 3 days. The isomer type of diaminopimelic acid was determined by one-dimensional TLC as described by Staneck & Roberts (1974) . Polar lipids were extracted using the integrated procedure of Minnikin et al. (1984) , separated by twodimensional TLC and identified using the procedure described by Minnikin et al. (1977) . Respiratory quinones were analysed by HPLC (Kroppenstedt, 1985) . Mycolic acids were analysed by one-dimensional TLC (Minnikin et al., 1980) . For cellular fatty acid analysis, strain OS1-21 T , N. panacihumi KCTC 19187 T and N. terrae NBRC 104259 T were grown on ISP 2 medium for 5 days at 30 u C. Fatty acid methyl esters were prepared and analysed according to the instructions of the Microbial Identification System (MIDI), with ACTINO library (version 3.94). The G+C content of the genomic DNA was determined by HPLC (Mesbah et al., 1989) .
Genomic DNA was isolated and purified by using a Wizard Genomic DNA Purification kit (Promega) according to the manufacturer's instructions. PCR amplification and sequencing of the 16S rRNA gene were performed as described by Lee et al. (2000) . The 16S rRNA gene sequences of strain OS1-21 T determined in this study and related taxa were aligned by using the CLUSTAL_X program (Thompson et al., 1997) . Before phylogenetic analysis, the alignment was optimized manually according to the secondary structure of the Escherichia coli 16S rRNA (Brosius et al., 1978) . Finally, the positions that had gaps or uncertain bases were deleted and a total of 1283 nt present in all sequences were used for reconstruction of all phylogenetic trees. Pairwise sequence similarities were calculated using the EzTaxon-e server (Kim et al., 2012) . Phylogenetic analyses were performed using the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximumparsimony (Fitch, 1971) treeing algorithms contained in the PHYLIP software package, version 3.6 (Felsenstein, 2002) . A phylogenetic tree based on the neighbour-joining method was reconstructed using an evolutionary distance matrix developed according to the model of Jukes & Cantor (1969) , with bootstrap values based on 1000 replications (Felsenstein, 1985) . Bootstrap analyses for the maximum-likelihood and maximum-parsimony methods were also carried out, based on 100 replications.
From the results of chemotaxonomic characterization, strain OS1-21
T was shown to possess chemical features consistent with those of the genus Nocardioides. The diagnostic diamino acid in the cell-wall peptidoglycan was LL-2,6-diaminopimelic acid. The major menaquinone was MK-8(H 4 ) (90 % of total); small amounts of MK-8H 2 and MK-7 were also detected. The polar lipids contained diphosphatidylglycerol, phosphatidylglycerol, phosphatidylinositol and two unknown phospholipids (Fig. S1 , available in the online Supplementary Material). Mycolic acids were not present. The cellular fatty acid profile of strain OS1-21 T was represented by the presence of saturated, unsaturated, methyl and branched fatty acids, with the major fatty acids (.5 %) of iso-C 16 : 0 (27.6 %), iso-C 16 : 0 2-OH (11.4 %), 10-methyl C 17 : 0 (8.8 %), 10-methyl C 18 : 0 (6.6 %) and C 17 : 1 cis9 (6.4 %). Strain OS1-21
T could be differentiated from the closely related strains, N. panacihumi KCTC 19187 T and N. terrae NBRC 104259 T , mainly by the relative proportion of 10-methyl fatty acids, in particular 10-methyl C 18 : 0 (tuberculostearic acid) ( Table S1 ). The G+C content of the DNA of strain OS1-21 T was 73.7 mol%.
Cells of strain OS1-21 T were aerobic, Gram-stain-positive, non-endospore-forming, non-motile rods (0.46-0.776 1.23-3.08 mm) (Fig. S2) . Neither mycelium nor filaments were observed in the tested media. In older cultures, globose bodies significantly exceeding the remaining cells in diameter, which were similar to those reported in Nocardioides tritolerans (Dastager et al., 2008) and Nocardioides sediminis (Dastager et al., 2009) , were occasionally observed. Good growth was observed on ISP 2 medium, whereas poor growth occurred on NA, R2A and TSA. Colonies were circular, translucent, smooth, moderate yellow in colour and reached 1.0-1.5 mm in diameter after incubation for 5 days. The physiological and biochemical properties of strain OS1-21 T are given in Table 1 and the species description.
An almost-complete 16S rRNA gene sequence (1426 nt) determined for strain T was compared with the corresponding sequences of members of the genus Nocardioides and related taxa retrieved from EMBL and GenBank databases. A neighbour-joining tree (Fig. 1) showed that strain OS1-21 T belonged to the genus Nocardioides and formed a distinct sub-branch between N. panacihumi Gsoil 616 T and N. terrae VA15 T . This relationship was supported by a high bootstrap value of 98 % and was also found in maximum-parsimony (Fig. S3) and maximum-likelihood (Fig. S4) trees. Pairwise 16S rRNA gene sequence comparison showed that the closest phylogenetic neighbours were N. panacihumi Gsoil 616 T (98.7 % 16S rRNA gene sequence similarity) and N. terrae VA15 T (97.8 %), followed by N. marinus CL-DD14 T (97.1 %). The 16S rRNA gene sequence similarities between strain OS1-21
T and other species of the genus Nocardioides were less than 97.0 %. The results of chemotaxonomic and phylogenetic analyses indicated that strain OS1-21
T was a member of the genus Nocardioides.
DNA-DNA hybridization experiments with strain OS1-21 T and N. panacihumi KCTC 19187 T and N. terrae NBRC 104259 T were performed fluorometrically according to the method of Ezaki et al. (1989) , with DNA isolated by the method of Hopwood et al. (1985) . Genomic DNA-DNA relatedness values were recorded as mean±SD for the remaining three scores after exclusion of the highest and lowest scores among five replications for each DNA pair. DNA-DNA relatedness between strain OS1-21 T and N. marinus CL-DD14
T was not investigated because the latter was placed in a different phylogenetic cluster and possessed an obligate requirement of NaCl (0.5-8 %, w/v) for growth as per its origin of seawater, in contrast to the novel isolate and other closely related neighbours. DNA-DNA relatedness values between strain OS1-21 T and N. panacihumi KCTC 19187 T and N. terrae NBRC 104259 T were 15.7±1.5 % (6.8±6.7 % in an independent measurement) and 12.2±1.4 % (4.0± 4.2 % in an independent measurement), respectively.
Strain OS1-21
T was rod-shaped and produced yellow colonies, whereas the type strains of N. panacihumi and N. terrae were short rods or cocci and their colonies were white or cream. Strain OS1-21
T showed growth at 42 u C, whereas the type strains of N. panacihumi and N. terrae did not grow at this temperature. Other phenotypic characteristics differentiating strain OS1-21
T from the type strains of N. panacihumi and N. terrae are given in Table 1 . Based on combined data obtained in this study, it was shown that strain OS1-21 T could be assigned as representing a novel species of the genus Nocardioides, for which the name Nocardioides opuntiae sp. nov. is proposed. Nocardioides opuntiae (o.pun9ti.ae. N.L. gen. n. opuntiae of Opuntia fiscus-indica var. sanboten, referring the sampling site from which the type strain was isolated).
Cells are aerobic, Gram-stain-positive, non-endosporeforming, oxidase-negative, catalase-positive, non-motile rods (0.46-0.7761.23-3.08 mm). Neither mycelium nor filaments are formed. Good growth occurs on ISP 2 medium, but poor growth is observed on NA, R2A and TSA. Colonies are circular, translucent, smooth, moderate yellow in colour and reach 1.0-1.5 mm in diameter after incubation for 5 days. Growth occurs at 20-42 u C (optimum 30 u C) and pH 7.0-8.0. Tolerates up to 1 % NaCl. Hydrolyses casein, but not DL-tyrosine or xanthine. Aesculin degradation (weak) is observed but nitrate reduction, glucose fermentation and gelatin hydrolysis are not. Positive for alkaline phosphatase, esterase (C4) (weak), esterase lipase (C8) (weak), leucine arylamidase, trypsin (weak), acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-glucosidase and b-glucosidase (weak) activities. Assimilates D-glucose, L-arabinose (weakly) and D-mannitol (weakly). Negative for lipase (C14), cystine arylamidase, Nacetyl-b-glucosaminidase, a-galactosidase, b-galactosidase, b-glucuronidase, valine arylamidase, a-chymotrypsin, amannosidase, a-fucosidase, indole production, arginine dihydrolase and urease. Does not assimilate D-mannose, maltose, N-acetyl-D-glucosamine, gluconate, caproate, adipate, malate, citrate or phenylacetate. LL-Diaminopimelic acid is the diagnostic diamino acid. The predominant menaquinone is MK-8(H 4 ). The characteristic polar lipids are diphosphatidylglycerol, phosphatidylglycerol and phosphatidylinositol. Mycolic acids are absent. The major fatty acids (.5 %) are iso-C 16 : 0 , iso-C 16 : 0 2-OH, 10-methyl C 17 : 0 , 10-methyl C 18 : 0 and C 17 : 1 cis9.
The type strain, OS1-21 T (5KCTC 19804 T 5NBRC 107915 T ), was isolated from the rhizosphere soil of a cactus (Opuntia fiscus-indica var. sanboten) collected on a cliff of Mara Island, Jeju, Republic of Korea. The DNA G+C content of the type strain is 73.7 mol%.
